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Resumo
Uma descrição teórica de colisões nucleares de altas energias utilizando Cromo-
dinâmica Quântica (QCD) é muito desafiadora. Devido a esta dificuldade estas colisões
geralmente são descritas com modelos fenomenológicos, que fazem uso de hipóteses como
equilíbrio e coletividade. Recentemente foram observados traços desta fenomenologia tam-
bém em colisões pp e p-Pb de alta multiplicidade. Em sistemas tão pequenos, em particular
colisões pp, modelos inspirados em QCD podem ser usados para investigar os mecanis-
mos microscópicos responsáveis pelos fenômenos observados neste sistema. Neste trabalho
investigamos os efeitos de mecanismos como Interações Partônicas Múltiplas (MPI), Re-
conexão de Cor (CR) e o modelo de “ropes” em observáveis comumente utilizados em
colisões de íons pesados usando o gerador de eventos baseado em Monte Carlo PYTHIA
8. Entre os observáveis que estudamos estão a multiplicidade dos eventos, a modificação
do espectro de partículas, a topologia do evento e a abundância relativa de partículas
identificadas. Os resultados mostram que alguns fenômenos que até agora eram apenas
explicados dentro do quadro fenomenológico utilizado em colisões de íons pesados podem
ser causados pelo menos parcialmente por CR em colisões de alta multiplicidade.
Palavras-chaves: Fenomenologia de Íons Pesados; Colisões proton-proton; Reconexão
de cor;
Abstract
A full theoretical description of high-energy relativistic nuclear collisions using
Quantum ChromoDynamics (QCD) is very challenging. Because of this difficulty, these
colliding systems are usually described with phenomenological models that employ as-
sumptions such as equilibration and collectivity. Recently, traces of the same phenomenol-
ogy were also observed in high multiplicity pp and p-Pb collisions. In such small systems,
in particular for pp collisions, QCD inspired models can be used to investigate the micro-
scopic modification of particle spectra, the event topology and the relative abundances
of identified particles. The results show the mechanisms responsible for the phenomena
observed in this system. In this work, we investigate the effects of mechanisms such as
Multi-Parton Interactions (MPI), Color Reconnection (CR) and the color rope model in
observables commonly used in heavy ion collisions using the PYTHIA 8 Monte Carlo
event generator. Among the observables that we study are event multiplicity, modifi-
cation of particle spectra, the event topology and the relative abundances of identified
particles. The results show that some phenomena that have so far only been explained
within the phenomenological framework used in heavy-ion collisions might be caused at
least partially by CR in high-multiplicity collisions.
Keywords: Heavy-ion Phenomenology; Proton-proton Collision; Color Reconnection;
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1 Introduction
“What is matter made of?”
Since ancient Greece, man has tried to answer this question. The first one to
formulate a theory in this context was the philosopher Demokritos in 400 B.C [1]. His
theory was that everything is composed by “atoms”, indivisible particles which differ in
shape and size. Today we have a much more complex theory to explain the fundamental
structure of matter. The so called standard model of particle physics holds all the knowl-
edge we have of the fundamental particles and the forces that act between them. In this
chapter we will briefly introduce the standard model of particle physics and one of the
most important theory that describes the particles interactions in a high-energy regime,
which is called Quantum ChromoDynamics (QCD).
1.1 The Standard Model
Developed in the early 70s, the standard model of particle physics is the most
successful theory in describing the elementary particles and their interactions [2]. Elemen-
tary particles can be classified into two basic types: fermions and bosons, as can be seen
in Figure 1. The standard model predicts twelve fermions, and associated anti-particles,
particles with the same mass but with opposite charge (such as electric and color charges).
Fermions are the elementary particles out of which all ordinary matter, often
referred as ‘baryonic matter’, is composed. They are particles with half-integer spin and
because of that they obey Fermi-Dirac statistics. We can classify these fermions into two
groups composed six particle types each: leptons and quarks. The former are particles
that don’t interact via the strong force, while the latter are particles that interact via all
four fundamental forces (electromagnetic, strong, weak and gravitational).
Each of these three forces, the electromagnetic, strong and weak, are described
by discrete quantum fields, and their interactions are mediated by elementary particles,
all bosons because they have integer spin. Bosons come in two types: vector bosons, also
called gauge bosons, responsible for the fundamental interactions, and the Higgs boson,
which is a scalar boson that has been discovered very recently [3]. The Higgs boson was
predicted by Peter Higgs on theoretical grounds [4], and is the quantum excitation of
the Higgs field, responsible for the mass generation mechanism for the massive bosons.
The standard model predicts four kinds of gauge bosons: photons, responsible for medi-
ating the electromagnetic interaction, the massive W and Z bosons, which carry the weak
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Figure 1 – All elementary particles according to the standard model.
interaction, and the gluons, which are responsible for mediating the strong force.
The theory that describes the electromagnetic interaction is Quantum ElectroDy-
namics (QED), a full quantized and relativistic theory developed by Shinishiro Tomonaga
[5], Julian Schwinger [6, 7], Freeman Dyson [8] and Richard Feynman [9, 10, 11]. QED
is considered the most successful theory in science because of the excellent agreement
between theory and the experiment. For the theory, Tomonaga, Schwinger and Feynman
won the physics Nobel prize in the year of 1965. The electromagnetic force is responsible
for keeping electrons and protons bound in atoms as well as for the formation of molecules
and properties of solids, liquids and gases.
The weak force is explained by the unified theory of electrodynamics and weak in-
teraction, the electroweak theory. It was developed in early stages by Sheldon Lee Glashow
and later by Abdus Salam [12] and Steven Weinberg [13]. All three won the physics No-
bel prize in 1979 for the electroweak theory. The electroweak theory and the weak force
account for phenomena such as natural radioactivity.
The strong force can be described by Quantum ChromoDynamics. QCD was de-
veloped independently by Murray Gell-man [14] and Yuval Ne’man [15], but only Murray
was contemplated with the physics Nobel prize for his work. The strong force is the in-
teraction that keeps quarks bound in composite particles such as protons and neutrons
and is also responsible for binding these into nuclei.
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1.2 Quantum ChromoDynamics
Historically the foundations of QCD go back to the realization that the binding
energy of the nucleus is due to a new kind of interaction between protons and neutrons [16].
Hideki Yukawa proposed that this short range force involved the exchange of a charged
particle with a intermediate mass between the electron and the proton, and called this
particle a meson 1 [17].
Yukawa’s proposed particle had a major impact in particle physics as it could
correctly describe measurements performed in scattering experiments. In 1946 Beppo
Occhialini and César Lattes, led by Cecil F. Powell, discovered Yukawa’s meson [18, 19]
when studying cosmic ray particles with nuclear emulsion plates. The study of elementary
particles evolved a lot in the mid 1960s with the discovery of many new different particle
species discovered in interactions between nuclear matter, what they called the particle
zoo [2].
With a large number of particles being discovered, the Δ++ baryon caught a lot
of attention [20]. Discovered in 1952 [21], the flavour and spin content of the Δ++ baryon
is:
|Δ++⟩ = |𝑢↑𝑢↑𝑢↑⟩ (1.1)
Since quarks are fermions and therefore must obey the Pauli exclusion principle,
the Δ++ baryon was explained with the addiction of a new degree of freedom associated
with the group SU(3), color charge [22]. QCD predicts three color charges: red (r), blue(b)
and green (g), with their corresponding opposite charges: cyan (𝑟), yellow (?¯?) and magenta
(𝑔).
QCD is a non-Abelian theory based on the gauge group SU(3). In a gauge theory,
fields arise of the symmetry group, and the interactions between the fields are mediated
by the gauge bosons. In QCD the fields are the quarks and the mediator bosons are the
gluons. Gauge theories also have the requirement that the Lagrangian is invariant under
a local group transformation of the fields.
1 The word ‘meson’ is inspired from the greek word ‘mesos’, literally meaning “intermediate”
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The Lagrangian of QCD is:
ℒ𝑄𝐶𝐷 = 𝜓𝑖𝑞(𝑖𝛾𝜇)(𝐷𝜇)𝑖𝑗𝜓𝑗𝑞 −𝑚𝑞𝜓𝑖𝑞𝜓𝑞𝑖 −
1
4𝐹
𝑎
𝜇𝜈𝐹
𝑎𝜇𝜈 (1.2)
where:
(𝐷𝜇)𝑖𝑗 = 𝛿𝑖𝑗𝜕𝜇 − 𝑖𝑔𝑠𝑡𝑎𝑖𝑗𝐴𝑎𝜇 (1.3)
𝐹 𝜇𝜈 = 𝜕𝜇𝐴𝑎𝜈 − 𝜕𝜈𝐴𝑎𝜇 + 𝑔𝑠𝑓𝑎𝑏𝑐𝐴𝑏𝜇𝐴𝑐𝜈 (1.4)
𝜓𝑖𝑞 is the quark field with color index 𝑖, 𝜓𝑞 = (𝜓𝑅𝑞 , 𝜓𝐺𝑞 , 𝜓𝐵𝑞 ), 𝛾𝜇 represents a Dirac matrix
with 𝜇 a Lorentz index, 𝑚𝑞 is the quark mass, 𝐹 𝑎𝜇𝜈 is the gluon field strength tensor for a
gluon with color index 𝑎 and 𝐷𝜇 is the covariant derivative in QCD (given by equation
1.3), with 𝑔𝑠 =
√
4𝜋𝛼𝑠 the strong coupling of QCD, 𝐴𝑎𝜇 is the gluon field, and 𝑡𝑎𝑖𝑗 is
proportional to the hermitian and traceless Gell-Mann matrices of SU(3).
𝑡𝑎𝑖𝑗 =
1
2𝜆
𝑎
𝑖𝑗 (1.5)
Equation 1.4 represents the gluon field strength tensor expansion. We can identify
in equation 1.4 the first two terms as being associated to the kinetic energy of the gluons
while the last expression is related to the gluon self-interaction. It is because of the fact
that in this theory the mediator boson also carries charge, and hence interact with each
other, that QCD is a non-abelian theory. It is also because of this self-interaction that
quarks are only found confined in composite particles called hadrons.
An important result in lattice QCD is that the effective potential between a quark
dipole, as we can see in Figure 2, can be writen as [23] 2:
𝑉𝑒𝑓𝑓 (𝑟) ∝ −43
𝛼𝑠
𝑟
+ 𝜅𝑟 (1.6)
2 This equation assumes natural units ~ = 𝑐 = 1.
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Figure 2 – Potential between a quark dipole (𝑞𝑞) calculated via lattice QCD. The data are
scaled to a universal curve by measuring energies and distances in appropriate
units of
√
𝐾 ∼ 420 MeV, where 𝐾 is the string tension analogue to 𝜅 in
equation 1.6. B and L are variable parameters of the lattice, B is related to
the unit size of the lattice, and L to the total lattice size. Because parameter
variations lead to the same result, it can be concluded that the outcome is
independent of the lattice used in the simulation [23].
We can observe in the potential in Figure 2 that at large distances we have a
potential that grows linearly with the distance between the quarks if the separation 𝑟 is
greater than about a femtometer. Gluon self-interaction stretches the fields into a color
flux tube called string. At large distances the potential is similar to that of a harmonic
oscillator. This is known as linear confinement, given that as the quarks move apart the
potential tends to increase linearly for large distances. Confinement implies that quarks are
confined in particles called hadrons, such that the resulting color charge is white, assuming
the additive color combination scheme. Hadrons can be classified into two categories called
mesons and baryons. Mesons are composed by a quark and an antiquark (𝑞𝑞) and baryons
of either three quarks or three antiquarks (𝑞𝑞𝑞 or 𝑞𝑞𝑞).
On the other hand, at short distances the potential is similar to a coulomb po-
tential as it is ∝ 1/𝑟. For large momentum transfers, associated with short distances,
the coupling strength 𝛼𝑠 becomes asymptotically weaker, as can be seen in equation
1.7, which makes the potential between the quarks extremely weak. For short distances
quarks behave as if there was no potential between them, what is called asymptotic free-
dom. Asymptotic freedom was proposed in 1973 and was important in understanding the
strong nuclear force, earning Gross, Politzer and Wilczek the physics Nobel prize in 2004
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[24, 25].
𝛼𝑠 ≈ 2𝜋
𝛽0
1
ln (𝑄2/Λ𝑄𝐶𝐷)
(1.7)
In equation 1.7, 𝛽0 = 11− 23𝑛𝑓 , where 𝑛𝑓 is the number of active quarks flavour,
𝑄2 is the transferred momentum given by the bjorken scaling, and Λ𝑄𝐶𝐷 is the energy
scale of QCD. The dependence of 𝛼𝑠 with the transferred momentum can be seen in Figure
3. For hard interactions, with a large value of transferred momentum 𝑄2, perturbative
QCD (pQCD) calculations can be performed, but for small 𝑄2 perturbative theory cannot
be used. In this scenario we can use only numerical methods, such as lattice QCD, and
work with phenomenological models.
Figure 3 – Theoretical predictions and measurements for the QCD coupling dependence
with transferred momentum 𝑄. Figure from [26]
1.3 Objectives
In this work, we will study how microscopic QCD processes lead to particle pro-
duction in hadronic collisions, such as proton-proton interactions, using the PYTHIA
Monte Carlo event generator [27]. Our two main objectives are:
1. to investigate the global properties of proton-proton collisions, giving particular
emphasis to interactions in which a comparatively large amount of particles were
produced.
2. We will study high-multiplicity proton-proton collisions in the specific context of
heavy-ion collision phenomenology. To do so, a few observables typically associated
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to the study of heavy-ion collisions will be studied using one of the latest QCD-
inspired event generator. We will then discuss if the mechanisms usually employed
in the framework of heavy-ion phenomenology are needed to explain phenomena
usually associated to a Quark-Gluon Plasma (QGP) or if models based on micro-
scopic QCD are viable.
This work is structured as follows: in chapter 2 we will discuss heavy-ion phe-
nomenology, emphasizing the observables that we will focus on later and how these are
interpreted in that context. In chapter 3, we will present the QCD-based PYTHIA event
generator. Finally, chapters 4 and 5 will cover the results and the conclusion, respectively.
24
2 Relativistic Heavy-ion Collision Phe-
nomenology
After QCD was established as the theory of strong interactions, Collins and Perry
conjectured that superdense matter might consist of deconfined quarks [28]. To recreate
these conditions in the laboratory massive accelerators collide heavy nuclei, such as lead
(Pb) and gold (Au), at relativistic energies. The product of these collisions are little
fireballs in which ordinary matter undergoes a phase transition to a state of matter in
which quarks and gluons are no longer bound in hadrons. In this chapter we will introduce
some features expected in heavy-ion collisions and how these are usually explained in the
context of nuclear collisions. We will also cover recent measurements in high-multiplicity
proton-proton (pp) collisions that have shown that these features are also present there.
2.1 The Quark-Gluon Plasma
In typical conditions, matter is confined within the radius associated with the
QCD scale Λ𝑄𝐶𝐷, of a few hundred MeV, corresponding to approximately a femtometer
(10−15 m) [29]. But if we increase the temperature and energy density matter undergoes
a phase transition to a deconfined phase called Quark-Gluon Plasma (QGP). In Figure 4
we can see the schematic QCD phase diagram, with the transition of ordinary matter to
the quark-gluon plasma. Lattice QCD calculations predict that a phase transition should
take place at a temperature of 𝑇𝑐 ≃ 175 MeV [30], which should be reached in colliders
such as the Relativistic Heavy-Ion Collider (RHIC) and the Large Hadron Collider (LHC).
In high energy heavy-ion collisions the result is a net baryonic density close to zero and
an extraordinarily high temperature, and therefore the transition in this scenario is in
the vertical direction of Figure 4. Another way to reach this phase transition is in high
baryonic densities and low temperature, which is what is believed to happen in neutron
stars because of the enormous gravitational attraction. It is also believed that the QGP
existed around 10−6s after the big bang, which means that by achieving this state of matter
in the laboratory we can recreate the same conditions that existed in the beginning of
the universe. Because of the formation of a QGP in heavy-ion collisions, some phenomena
associated to partonic degrees of freedom should arise in these collisions.
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Figure 4 – Schematic QCD phase Diagram. Figure from [31]
2.2 Anisotropic Flow
It was discovered by the Relativistic Heavy-Ion Collider (RHIC) that the system
created in the heavy-ion collisions behaves like a strongly interacting liquid [32], and
because of that they can be described using the Landau hydrodynamic Model [33]. In 1982
J.D. Bjorken developed a relativistic hydrodynamical theory using the Landau model [34]
and proposed many signatures of the QGP formation in relativistic heavy ion collisions.
One of the expected signatures is radial flow, a boost in the local velocity field 𝑢𝜇 of
the produced particles due to a resulting pressure of the hydrodynamical expansion of
the system. Radial flow therefore shifts the produced particles to a higher momenta. One
important consequence of this is what is called Baryon Anomaly. First observed at RHIC
in Au+Au collisions [35, 36] the baryon anomaly is the enhancement of the baryon-to-
meson ratio at intermediate 𝑝𝑇 . The flow velocity pushes particles with a bigger mass
towards a higher momentum. Since Baryons are generally more massive than mesons, the
radial flow increase the baryon-to-meson ratio at mid-𝑝𝑇 .
In Figure 5 we can see the 𝑝𝑇 -differential ratio Λ/𝐾0𝑠 for different event centralities
in Pb-Pb Collisions measured by the ALICE Collaboration [37]. Is important to note that
for peripheral (80-90%) PbPb collisions the data agrees with measurements from inelastic
pp collisions, where we do not expect to have a hydrodynamical evolution of the system.
This is why pp collisions are typically used as a reference in the study of QGP-associated
phenomena.
The interaction system of two beams can be anisotropic in space depending on
the impact parameter 𝑏 and the reaction plane angle Ψ𝑅 of the collision, which is the
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Figure 5 – Ratio of Λ over 𝐾0𝑠 as a function of 𝑝𝑇 for different event centrality intervals
in Pb–Pb collisions at √𝑠𝑁𝑁 = 2.76 TeV and pp collisions at √𝑠 = 7 TeV.
Figure from [37].
angle defined by the reaction plane X’ of the collision with the defined plane XZ of the
laboratory 1, as we can see in Figure 6. This anisotropy in the initial condition of the
collision is transferred to momentum space and leads to the so-called ‘anisotropic flow’ .
Figure 6 – Schematic figure of a peripheral nucleus-nucleus collision.
The system then expands under a large pressure gradient, which results in an
inhomogeneous azimuthal distribution of produced particles in momentum space. We
1 To see the fundamental variables usually used in experiment see appendix A
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characterize the anisotropy quantitatively by decomposing the transverse momentum dis-
tribution using a Fourier expansion of the invariant triple differential distribution [38],
given by:
𝐸
𝑑3𝑁𝑐ℎ
𝑑3𝑝
= 12𝜋
𝑑2𝑁𝑐ℎ
𝑝𝑇𝑑𝑝𝑇𝑑𝑦
(︃
1 +
∞∑︁
𝑛=1
2𝑣𝑛 cos𝑛(𝜑−Ψ𝑅)
)︃
(2.1)
𝐸 is the particle energy, 𝑝𝑇 is the particle transverse momentum, 𝜑 is the azimuthal angle,
𝑦 is the rapidity, and Ψ𝑅 is the reaction plane angle, as we can see in Figure 6). The first
coefficient (𝑣1) is called directed flow, the second (𝑣2) the elliptic flow and the third one
(𝑣3) the triangular flow.
Figure 7 – Second Fourier coefficient 𝑣2 as a function of centrality for Au+Au collisions
at √𝑠𝑁𝑁 = 130 GeV, defined as 𝑛𝑐ℎ/𝑛𝑚𝑎𝑥. Data points (black points) along
with expected hydrodynamical calculations (open rectangles), figure from [39].
The elliptic flow, first measured by the RHIC collaboration, was large and com-
patible with results from hydrodynamic calculations based on the assumption of complete
local thermalization [39]. In Figure 7 we can see the 𝑣2 coefficient for different centralities,
defined by the number of charged particles 𝑛𝑐ℎ divided by its maximum number 𝑛𝑚𝑎𝑥,
for Au+Au collisions. This observation led to the conclusion that the matter created in
relativistic heavy-ion collisions is strongly-coupled and behaves like a liquid, as expected
in the QGP scenario.
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Figure 8 – Two-dimensional two-particle correlation function for high-multiplicity (220 ≤
𝑁 𝑜𝑓𝑓𝑙𝑖𝑛𝑒𝑡𝑟𝑘 < 260) PbPb collisions at
√
𝑠𝑁𝑁 = 2.76 TeV. Figure from [40].
Flow measurements are interpreted as a strong collective behavior of particles pro-
duced in a high-energy nucleus-nucleus collision. Because of that, in addition to studying
the flow coefficients 𝑣𝑛 as defined in Eq. 2.1, other tools, such as two-particle angular corre-
lations, can be used to study this collective behavior. A two-particle correlation function
refers to the distribution, in Δ𝜂-Δ𝜑 phase space, calculated between pairs of particles
from the same event and averaged over events. The correlations are calculated for parti-
cles labelled as triggers, which are required to have a high momentum and are thought to
represent the direction of the leading hadron in a jet, with respect to particles labelled as
associated, which have lower momentum than the trigger particles. In Figure 8 we have
the measured two-particle correlation for PbPb collisions from the CMS collaboration
[40]. We observe a high correlation in Δ𝜂 ≈ 0, Δ𝜑 ≈ 0 and a structure in the away-side
(Δ𝜑 ≈ 𝜋) caused by momentum conservation and jet correlations. The key feature in
two-particle correlation calculations from heavy-ion collisions is the pronounced structure
in the near-side (Δ𝜑 ≈ 0) which extends over a large range in 𝜂. This long range struc-
ture, known as the “ridge”, is attributed to the collective flow of an expanding strongly
interactive medium [41]. The 1-D Δ𝜑-projected distribution for the long range structure
in |Δ𝜂| > 2 can be decomposed in a Fourier series as [42]:
1
𝑁𝑡𝑟𝑖𝑔
𝑑𝑁𝑝𝑎𝑖𝑟
𝑑Δ𝜑 =
𝑁𝑎𝑠𝑠𝑜𝑐
2𝜋
{︃
1 +
∞∑︁
𝑛=1
2𝑉𝑛 cos (𝑛Δ𝜑)
}︃
(2.2)
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𝑁𝑎𝑠𝑠𝑜𝑐 represents the total number of hadron pairs per trigger particle for a given |Δ𝜂|
range, 𝑁𝑡𝑟𝑖𝑔 is the number of trigger particles, 𝑁𝑎𝑠𝑠𝑜𝑐 is the number of associated particles
that are correlated with the trigger ones. We can see in Figure 9 the 1D Δ𝜑-projected
distribution for the long range (|Δ𝜂| > 2) and short range (|Δ𝜂| < 1), top and bottom
panels respectively, structures of two-particle correlation functions for PbPb collisions at
2.76 TeV for different selections of 𝑝𝑇 of trigger particles and fixed 𝑝𝑇 range of associated
particles 1-2 GeV/c. The black curves in the long-range projections correspond to the
Fourier fits from Eq. 2.2.
Figure 9 – 1D Δ𝜑-projected distribution of two-particle correlation functions for PbPb
collisions at 2.76 TeV. The curves in the top panels correspond to the fourier
fits from Eq. 2.2. Figure from [40].
The 𝑉𝑛 component extracted from the Δ𝜑-projected distribution is a convolution
of the flow coefficients for the trigger and associated particles 𝑣𝑛 via [42]:
𝑉𝑛 ≈ 𝑣𝑡𝑟𝑖𝑔𝑔𝑛 × 𝑣𝑎𝑠𝑠𝑜𝑐𝑛 . (2.3)
The implication of equation 2.3 is that the long range structure in two-particle cor-
relation analysis is an alternative way to observe anisotropic flow. Recently, measurements
in pp collision performed by the CMS Collaboration revealed a long-range correlation in
high multiplicity pp collisions [43], as can be seen in Figure 10. Small collisions, such as
pp, do not have a hydrodynamically expanding medium or an initial collision geometry
like PbPb collisions. Because of that, the emergence of these long-range correlations in
pp collisions is still not explained.
Chapter 2. Relativistic Heavy-ion Collision Phenomenology 30
Figure 10 – Two-dimensional two-particle correlation function for high multiplicity pp
collisions at
√
𝑠 = 13 TeV. Figure from [43]
2.3 Strangeness Production
Lattice calculations predict the QGP phase transition at 𝑇𝑐 ≃ 175 MeV [30], an
energy value that is above the strange quark mass 𝑚𝑠 = 95 ± 5 MeV/c2 [30]. Because of
this it has been proposed that an increase in strangeness production could be a signature
of the achievement of the QGP in heavy ion collisions [44]. It was suggested that in the
QGP scenario strange quarks originating from thermal gluon fusion, 𝑔𝑔 → 𝑠𝑠, and light
quark (𝑢,𝑑) pairs annihilation, 𝑞𝑞 → 𝑠𝑠, is energetically favourable in comparison to pure
hadron interactions without the QGP formation, such as a hadron gas scenario [45].
Figure 11 – QCD diagrams of the lowest-order processes for strange quark pair creation.
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Multi-strange particle production rates were measured by the ALICE Collabo-
ration [46], and a strangeness enhancement was observed in Pb-Pb collisions with the
increase of event activity, in comparison with inelastic pp collisions. Figure 12 shows the
ratios of Ω/𝜋 and Ξ/𝜋 as a function of the mean number of participant nucleons in the
collisions ⟨𝑁𝑝𝑎𝑟𝑡⟩, calculated using a Monte Carlo (MC) Glauber model [47]. An enhance-
ment in the hyperons 2 is observed with the increase of ⟨𝑁𝑝𝑎𝑟𝑡⟩. Figure 12 also shows an
increase in the production of strangeness relative to pp collisions, as expected in the QGP
scenario.
The ALICE Collaboration recently reported the measurement of the strange to
non-strange particle ratios as a function of multiplicity for both pp and p-Pb collisions
[48]. An increase in strange and multi-strange particle ratios in high-multiplicity pp col-
lisions was observed, as can be seen in Figure 13. The ratios agree with pPb collisions
measurements and in high multiplicity the ratios reach values observed for peripheral
PbPb collisions. Along with data we also have 3 different models in the attempt to de-
scribe pp collisions, PYTHIA 8 [49], DIPSY [50] and EPOS LHC [51]. PYTHIA 8 and
DIPSY are pQCD-inspired models, and EPOS LHC is based on a hydrodynamical ex-
pansion in pp collisions. The only models that have an enhancement in strange particles
are DIPSY and EPOS LHC. EPOS LHC assumes a collective expansion of a thermalized
system to exhibit this behavior, while DIPSY simulates pp collisions with a string-based
model that does not assume equilibration.
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Figure 12 – Hyperon-to-pion ratios as a function of the mean number of participant nu-
cleons in the collisions ⟨𝑁𝑝𝑎𝑟𝑡⟩ measured by the ALICE Collaboration. Figure
from [47].
2 baryon with non-zero strangeness content
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2.4 Short-lived Hadronic Resonance Re-scattering
The resulting medium created in heavy-ion collision is believed to pass through
several stages as it expands and cools, as we can see in Figure 14. After a pre-equilibrium
phase, in which one expects hard collisions to dominate, the resulting system is thought to
form a strongly interacting state of matter, the quark-gluon plasma (QGP). As the QGP
expands and cools down, free quarks and gluons hadronize into mesons and baryons. The
time at which the produced hadrons stop interacting inelastically is called the chemical
freeze-out. At this point in the system evolution, the composition of the resulting hadron
gas is determined, and the hadron abundances that will be measured by experiment
should already be fixed. The system continues to evolve kinetically until kinetic freeze-
out, point where elastic collisions between particles ceases and we have free particles.
Hadronic resonances like the 𝐾* are a key tool in this aspect, because their mean life-time
is comparable to the lifetime of the interacting hadron gas phase. The only way to detect
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hadronic resonances in experiments is through the invariant mass reconstruction of their
decay products. Because hadronic resonances decay very quickly, their decay products
may still come into existence during the hadron gas stage of the system evolution and
may interact with the hadron gas. If they do, the correlation between the decay products
of a given resonance will be lost and the particle yield will no longer be measured via
invariant mass analysis.
Figure 14 – Evolution in time and space of a relativistic heavy-ion collision in which a
QGP was formed.
Figure 15 – Ratios of 𝑝𝑇 -integrated particle yields 𝐾*/𝐾− and 𝜑/𝐾− as a function of
the pseudorapidity density at mid-rapidity (𝑑𝑁𝑐ℎ/𝑑𝜂)1/3 for Pb-Pb collision
at
√
𝑠 = 2.76 TeV and pp collisions at
√
𝑠 = 7 TeV. Figure from [52].
Measurements for 𝐾* and 𝜑 resonance production ratios to 𝐾− in PbPb collisions
at √𝑠𝑁𝑁 = 2.76 TeV are available from the ALICE Collaboration [52]. We can see in
Chapter 2. Relativistic Heavy-ion Collision Phenomenology 34
Figure 15 that the ratio of 𝐾*/𝐾− is suppressed in central Pb–Pb collisions with respect
to pp and peripheral Pb–Pb collisions. This behavior is attributed to the re-scattering of
the 𝐾* decay products in the hadronic medium. In contrast, the 𝜑 meson production is
unchanged with respect to 𝐾− for central Pb-Pb collisions. It has to be noted that the 𝜑
meson lifetime is approximately 10 times longer than the 𝐾* lifetime, which means that
it will decay long after kinetic freeze-out and its decay products will not be affected by
re-scattering.
The ALICE Collaboration also performed measurements of 𝐾* and 𝜑 resonance
production ratios to 𝐾− for pPb collisions at
√
𝑠 = 5.02 TeV and in pp collisions at
√
𝑠 =
7 TeV for the 𝐾* in several multiplicity classes [53]. In Figure 16 we observe a similar
behavior of data from pp, pPb and PbPb collisions for the ratio 𝐾*/𝐾.
Figure 16 – Ratios of 𝐾*/𝐾 and 𝜑/𝐾 as a function of ⟨𝑑𝑁𝑐ℎ/𝑑𝜂⟩1/3 for different systems
measured by the ALICE Collaboration [53].
Proton-proton collisions are more elementary and involve far less particles com-
pared to Pb-Pb. For this reason we can study pp collision with microscopic mechanisms.
It was recently observed that mechanisms such as Color Reconnection (CR) can repro-
duce the observed phenomenology in high multiplicity pp collisions. CR is a mechanism
that can describe the observed enhancement in the 𝑝𝑇 -differential baryon-to-meson ratios
in pp collisions [54] and the observed 𝐾* suppression over 𝐾 [55], and recent variations
and improved descriptions of color reconnection, such as when strings are fused into high-
tension color ropes, can lead to an enhancement in the multi-strange particle production
[56].
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3 Monte Carlo Event Generators
In this chapter we will introduce Monte Carlo (MC) event generators, since they
can provide a complete description of high energy collisions. MC event generators play
an important role in QCD modeling, especially when perturbative QCD (pQCD) cannot
be used and phenomenological models need to be employed. Hadronic jet production in
high energy collisions, such as lepton-hadron and hadron-hadron collisions, can be used as
testing grounds for QCD. The main difficulty in jet production physics is to understand
the non-perturbative process of hadronization, in which quarks and gluons are confined
into the hadrons that are eventually detected by experiment. Event generators such as
PYTHIA [27] aims to describe the physics at very short distances, associated to high
transferred momentum 𝑄2 > Λ𝑄𝐶𝐷, where pQCD dominates, up to scales where we have
the hadronization process, associated to low transferred momentum 𝑄2 ≤ Λ𝑄𝐶𝐷. For high
transferred momentum MC event generators are based on perturbation theory. In limited
energy scales all the description is based in QCD-inspired phenomenological models [29].
In this work we will use the MC event generator PYTHIA in its version 8.226 [49] to study
proton-proton collisions. PYTHIA is a commonly used program for the simulation of high-
energy collisions. The program can simulate interactions such as proton-proton and 𝑒−𝑒+.
Since our focus is proton-proton collisions we need to understand the basic steps PYTHIA
does to simulate such events. PYTHIA factorizes a single proton-proton interaction into
the following components: the hard-parton interaction, the initial and final state radiation
(ISR an FSR, respectively), multi-parton interactions with their respective ISR and FSR,
the hadronization of the system and the decay of unstable hadrons.
3.1 Hard parton interaction, ISR and FSR
The quarks which determine the quantum number of the proton are called the
valence quarks, and are two quarks up (𝑢) and one quark down (𝑑). Experiments that
probe the partonic structure of the proton, such as those involving Deep Inelastic Scat-
tering (DIS), revealed that the constituents of the proton fluctuate. An interaction of
protons constituents may involve a valence quark, a sea quark or a gluon, each carrying
a fraction 𝑥 of the total proton momentum. The probability densities to find a parton of
flavour 𝑖 (quark or gluon) carrying a momentum fraction 𝑥 of the proton are called Parton
Distribution Functions (PDFs) [58]. PYTHIA samples from a specific, configurable PDF
to determine the momentum of the partons involved in the initial hard scattering, which
is by definition the hardest one. The hard-interaction is represented in red in Figure 17.
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Figure 17 – Schematic representation of a proton-proton collision as implemented in
PYTHIA. The hard parton interaction is shown in red. Additional multi-
parton interactions are represented in purple. Initial and final state radiation
are represented in light blue. Dark blue circles represent the beam remnants,
light green ones represent primary hadrons produced in the hadronization,
which may decay into more stable hadrons represented in dark green. Figure
from [57]
Quarks are surrounded by a gluon field, and considering also that gluons interact
with themselves, accelerated partons can emit other partons with collinear and soft diver-
gences, via either initial or final state radiation. These processes are next-to-leading order
corrections to the 2→ 2 parton interactions considered by PYTHIA, and are the precur-
sors of the jets that are observed experimentally [59]. Initial State Radiation (ISR) is the
correction for parton showers in the original direction of the incoming parton, while Final
State Radiation (FSR) corresponds to a parton shower in the outgoing parton direction.
3.2 Multi-Parton Interactions and beam remnants
A single parton interaction with its corresponding ISR and FSR still does not
explain the observed multiplicity in hadrons collision. The answer was to create a model
with multi-partonic interactions. PYTHIA denotes the framework that is responsible for
simulating multiple interactions simply as the Multi-parton interaction (MPI) treatment.
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Figure 18 – Feynman diagram to illustrate Initial State Radiation (ISR), in red, and Final
State Radiation (FSR), in green.
This approach allows for more than a single partonic interaction to take place in a hadron-
hadron collision. In 1987 Torbjörn Sjöstrand and Maria van Zijl published a multiple
interaction model [60]. MPIs play an important role in describing the measurements of
cross section and particle production in hadron-hadron collisions [61]. In theoretical terms
the MPI along with the beams remnants, partons that have not interacted and carry the
rest of the beam energy, are called the underlying event of the collision. In Figure 17 we
can see the semi-hard scatterings of the MPI in purple and the beam remnants in dark
blue. Together they form the underlying event (UE) of the collision.
3.3 Hadronization and Decays
Hadronization is the non-perturbative process in which the final colored partons
of the event are confined into colorless hadrons. The hadronization models are based in the
hypothesis of local parton-hadron duality [62, 63], where we have a local correspondence
between parton and hadron distributions in a hard process. In the local parton-hadron
duality it is assumed that the momentum and quantum number of the hadrons formed in
the hadronization process follow the flow established at the parton level, 𝑖.𝑒. assuming a
quark 𝑠 is created in the partonic level, in the hadronic level we should observe a hadron
with strange number 1 from the created 𝑠 quark. Today we have several approaches to
account the process of hadronization, such as the independent fragmentation model, the
cluster model and the Lund string model. Since PYTHIA uses the Lund string model of
hadronization, in this work we will focus on this approach. As discussed in section 1.2,
when you try to separate two quarks the potential energy between them grows linearly.
This is the starting point of the QCD-inspired phenomenological model of hadronization
called Lund string model [64]. The Lund string model uses fragmentation of strings to
describe the hadronization of the system. As we try to separate a quark dipole 𝑞𝑞, the
energy we put into the system is gradually converted to potential energy and a color
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confinement string arises between the quark dipole. At a certain point it is energetically
favourable for this string to break and for a new quark pair 𝑞′𝑞′ to be created from the
QCD vacuum through the Schwinger mechanism [65, 66] so that the system splits into 2
color singlet dipoles [67]. This process continues until the break up process is no longer
possible, which happens at a certain energy threshold if the partonic system have its
invariant mass less than 1 GeV/c2. At this point all quarks are confined and the primary
hadrons are created, as can be seen in Figure 19. In order to describe string breakup, the
Lund model employs the idea of quantum mechanical tunnelling. Since this process cannot
be studied from first principles the string break-ups are probabilistic. The probability of
a 𝑞′𝑞′ tunnelling is given by:
𝑑𝑃
𝑑𝑝𝑇
∝ 𝜅 exp
(︃
−𝜋𝑚
2
𝑇
𝜅
)︃
(3.1)
where 𝜅 is the string tension and 𝑚𝑇 is the transverse mass of the newly created quark.
Equation 3.1 implies in a suppression in string break-ups of the production of heavy-
quarks. The relative probability to create a certain quark or antiquark in string break-ups
in PYTHIA is 𝑢 : 𝑑 : 𝑠 : 𝑐 ∼ 1 : 1 : : 0.3 : 10−11 [27]. Heavy quarks like the 𝑐 are
hence essentially not expected to be produced in soft fragmentation but only in parton-
shower branching 𝑔 → 𝑞𝑞. After establishing the quark content of the produced particles
PYTHIA then use some relative probabilities to decide which specific particle is going
to be created, 𝑖.𝑒. PYTHIA assumes in first approximation that the quark content of
the particle and selection of the particle species can be factorized [27]. Once all primary
hadrons are formed, they may still decay further into more stable hadrons. In this work
we allow decays only for species for which 𝑐𝜏 < 3 mm, therefore including weak decays
but excluding strangeness decay products.
Figure 19 – Schematic representation of string breaking according to the Lund model.
If we consider a proton-proton collision at the partonic level and more specifically
a collision with multiple partonic interactions, the system can have numerous final partons.
Observables such as identified particle yields and spectra depend crucially on parton-
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parton correlations in color space. There are several ways we can connect the final partons
of the system with strings and hadronize. We are going to focus now on the structure of
the event in color space. An important issue here is, in the context of MPI, how to find
a energetically favourable color connection to the outgoing partons in the system.
3.4 Color Reconnection
The first proposal in color rearrangements of an event was done by Gustafson,
Pettersson, and Zerwas (GPZ) [68]. They observed that different color rearrangements
led to uncertainties in the W boson mass determination. Sjöstrand and Khoze (SK) later
considered a non-perturbative scenario in which the strings can fuse [69], leading to a
much smaller effect in the W mass than what was proposed by GPZ. Since these early
works, several new models have been proposed.
Figure 20 – Average transverse momentum ⟨𝑝𝑇 ⟩ dependence with multiplicity at mid-
rapidity of charged particles. Figure from MCPlots [70]
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In this work we will focus on the effects of color reconnection in proton-proton col-
lisions, in which we have a multitude of different ways of describing the color confinement
fields and therefore the hadronization process itself. The addition of Color Reconnection
(CR) to event generators such as PYTHIA made possible to describe well Tevatron and
LHC data, in particular the mean transverse momentum ⟨𝑝𝑇 ⟩ of charged particles. In the
context of proton-proton collisions, CR allows for shorter strings to connect the outgo-
ing partons such as to minimize the distance 𝜆, in energy phase space, between them.
Minimizing the distance between these partons will decrease the potential energy of the
system and consequently the number of string break-ups during the final evolution and
hadronization of the system. The observed increase in Figure 20 for simulated events with
CR is because with less string breaks in the system, the number of particles produced in
the event is also reduced. With a reduced number of particles, each of these will carry
a higher transverse momentum, which in turn reproduces the multiplicity dependence of
⟨𝑝𝑇 ⟩ as can be seen in Figure 20. In this work we will study two different CR algorithms:
the PYTHIA 8 [49] MPI-based model and the more QCD based scheme [71].
3.4.1 MPI-based Model
The MPI-based CR model is derived from the first reconnection model, imple-
mented in an earlier version of the PYTHIA event generator, PYTHIA 6 [27]. The mod-
eling of events with more than one parton interaction is what causes the model to have a
pronounced effect. Another important fact in the mechanism is the combination of par-
tons from different parton interactions, which leads to additional correlation of outgoing
particles. Looking at Figure 20 we can see that ⟨𝑝𝑇 ⟩ reaches a saturation point for events
in which more than 15 charged particles were produced at mid-rapidity. What happens is
that when we consider that the products of each of the parton interactions are the result
of independent hadronization, the characteristics of an event in which many interactions
were superimposed will remain identical to those of an isolated interaction. In this way,
per-particle observables like the mean transverse momentum would be independent of the
number of parton interactions that occurred, which has a direct relation to the number of
charged particles produced in a given event. We can observe the result of the CR model
in Figure 21. In a pp collision with a hard gluon–gluon interaction, the gluons created in
the interaction will be color-connected to the parton initiators and the beam remnants,
as shown in Fig. 21 (a). As we have a second partonic interaction, this would result in
two new strings connected to the remnants as we can see in Fig. 21 (b). The scenario
that best describes data is one in which string lengths are minimized as shown in in Fig.
21 (c). CR implies that a reduced number of final particles share the total energy of the
partons, thus leading to an increase of ⟨𝑝𝑇 ⟩.
The algorithm used in this model acts in such way that it classifies each parton
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Figure 21 – Representative scheme of the color reconnection mechanism. In (a) we have a
hard gluon–gluon interaction with the outgoing gluons color connected to the
projectile and target remnants. As we have a second parton interaction (b)
we expect to have two new strings connected to the remnants. CR reconnects
the strings in such way that the string lengths are short as possible (c). Figure
from [72]
according to which MPI system it belongs. Two systems can be fused if the partons of
the lower-𝑝𝑇 system added in the strings defined by the higher-𝑝𝑇 give the smallest total
string length 𝜆. The bulk of these low 𝑝𝑇 partons are gluons. This process is applied
iteratively until the shortest possible color confinement strings are used to describe the
final system.
3.4.2 More QCD-based scheme
Despite the success of the first CR mechanism in describing the increase of ⟨𝑝𝑇 ⟩
as a function of the charged multiplicity for LHC energies, the MPI-Based model still did
not reproduce the 𝑝𝑇 -differential ratio of Λ/𝐾0𝑠 well, as can be seen in Figure 22. In an
attempt to improve on the description of these particle ratios a new color reconnection
model called “More QCD-based scheme” was introduced [71].
This new color reconnection algorithm reconnects strings based on three funda-
mental principles. First, based on the QCD-generating matrices, matrices of the SU(3)
group, two strings are checked for color compatibility. A simplistic space-time model is
then used to determine whether two strings coexist and if they do, strings are reconnected
to minimize string length 𝜆. Another important aspect of this mechanism is the intro-
duction of a new type of reconnection represented as a Y-shaped junction connection,
as illustrated in Figure 23. The junction connection binds either three partons or two
partons and another junction 𝐽 . Junction structures have naturally a non-zero baryon
number, since breaking up a string connecting two junctions will lead to the formation
of two baryons. For this reason the introduction of junctions in the system leads to an
increase in the number of baryons in the system, necessary to explain the 𝑝𝑇 -differential
ratio of Λ/𝐾0. We can see in Figure 22 that the new mechanism can describe this ratio
much better as a function of 𝑝𝑇 .
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Figure 22 – 𝑝𝑇 -differential ratio of Λ/𝐾0𝑠 measured by the CMS experiment and simula-
tions from PYTHIA. Figure from [73]
Figure 23 – Illustrative diagram of how two 𝑞𝑞 dipoles can reconnect. In the left we recon-
nect such that string length is minimized and in the right we have a junction
type reconnection.
3.4.3 Color Rope Hadronization Model
The two CR models described so far allow for the products of different partonic
interactions to be reconnected, but the individual strings determined post-CR are still
treated independently. It was recently suggested that, in a high-string-multiplicity sce-
nario, overlapping strings may fuse to form a string with a larger effective tension which is
called a ‘color rope’ [74]. The formation of ropes has been pioneered in the DIPSY event
generator [75], and has recently been made available as a PYTHIA plugin as well [76].
When two or more strings overlap to form a rope their color charges are summed and the
final state is described as a SU(3) multiplet. Three multiplets can arise in the overlap: a
singlet, a lowest multiplet, and the highest multiplet formation [50, 77].
The color singlet is treated as a string between an 𝑞𝑞 dipole. The algorithm basi-
cally color reconnects these strings in such way to minimize their 𝜆. The lowest multiplet
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Figure 24 – Illustrative diagram from DIPSY of the strings in a pp collision in impact
parameter space and rapidity. The end-points are quarks and kinks in the
string are gluons. Figure from [77].
corresponds to a junction structure. All junctions that are created due to string overlap
are treated by PYTHIA similarly to what is is done in the More QCD-based CR scheme
[71]. Our focus here is going to be when the overlap generates a highest multiplet rope.
A multiplet rope is treated as a string with an effective string tension ?˜? given by the sec-
ondary Casimir operator [78], equation 3.2, where 𝑝 and 𝑞 are quantum numbers related
to the amount of overlapping string segments with color flow in each direction.
?˜?
𝜅
= 𝐶2(𝑝, 𝑞)1 𝐺𝑒𝑉/𝑓𝑚 (3.2)
An important consequence is that, while equation 3.1 implies the suppression of
heavy quarks in string fragmentation in general, a larger effective ?˜? will diminish this
suppression. For strange quarks we have a suppression factor, relative to 𝑢 and 𝑑, 𝜌 for
strings with the string tension 𝜅. For a rope a modified suppression factor 𝜌, as can be
seen in equation 3.3, is obtained directly from equation 3.1. With the junction structures
and the formation of color ropes the DIPSY plugin is capable to give rise to an increased
production of baryons and strange hadrons in high multiplicity pp collisions.
𝜌 = exp
(︃
−𝜋𝑚
2
𝑇
?˜?
)︃
= 𝜌𝜅?˜? (3.3)
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4 Results
In this chapter, we will study how the latest mechanisms implemented in PYTHIA
affect basic global event observables as well as observables associated to heavy-ion phe-
nomenology. Among these mechanisms we have the Multi-Parton Interaction (MPI), Color
Reconnection (CR) and the color rope hadronization model. To study the effect of these
different mechanisms in a pp collision we will use four types of simulated events:
∙ events without the MPI model (MPI-off, CR-off);
∙ events with MPI (MPI-on, CR-off);
∙ events with the MPI-based and More QCD-Based CR scheme (MPI-on, CR-on);
∙ events with the color rope model of hadronization (MPI-on, ROPES-on);
4.1 Global Observables
Yields of charged particles produced in pp collisions are a key observable to
characterize these interactions. It is known that MPI were introduced in hadronic collisions
to describe the multiplicity observed in 𝑝𝑝 collisions. Without MPI the multiplicity in
pp collisions is under predicted, so a natural explanation made by Torbjorn Sjostrand
and Maria van Zijl in 1987 [60] was that the composition of the proton can lead to
more than one particle interaction per event. In Figure 25 we have the charged particle
distribution of pp collisions measured by the ATLAS experiment along with PYTHIA
predictions. The data was taken for inelastic (INEL) 1 pp collisions at
√
𝑠 = 13 TeV in
the range of |𝜂| < 2.5 and with a 𝑝𝑇 > 0.5 GeV/c cut [79]. As expected, as long as
only one partonic interaction takes place, PYTHIA underestimates the charged particle
multiplicities for multiplicities higher than N𝑐ℎ ∼ 12, but with the introduction of more PI
predictions are closer to data. The high multiplicity tail of the charged particle distribution
is dominated by events with soft parton interactions, result of MPIs. As the number of
partonic interactions 𝑁𝑃𝐼 increases, we increase the charged particle production. Because
the increase in ⟨𝑁𝑐ℎ⟩ is linear with ⟨𝑁𝑃𝐼⟩ and 𝑁𝑃𝐼 is not experimentally accessible, the
charged particle multiplicity is usually used as a proxy for 𝑁𝑃𝐼 .
Without the CR mechanism the multiplicity distribution is above data in high
multiplicity, but with the introduction of CR the models predict data better. The reduc-
1 INEL collision is a collision in which kinetic energy is not conserved.
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Figure 25 – Multiplicity distribution of charged particles in central pseudorapidity range
of |𝜂| < 2.5 for PYTHIA 8 and experimental data (upper pad); Ratio of MC
predictions to experimental data (bottom pad). Data points from the ATLAS
Collaboration in pp collisions at a centre-of-mass energy of
√
𝑠 = 13 TeV [79].
tion of string length caused by CR leads to a reduction in the number of fragments to
which these strings are reduced, therefore decreasing particle production via string break-
up. With the color ropes the distribution have a similar behavior than with CR. Ropes
produce a more pronounced decrease in the multiplicity, since this mechanism further
decreases the number of strings by merging several of them into color ropes.
In Figure 26 we present the charged-particle pseudorapidity density 𝑑N𝑐ℎ/𝑑𝜂 for
pp collisions at
√
𝑠 = 8 TeV measured by the TOTEM|CMS experiment, along with pp
collisions simulated by PYTHIA. Data points were taken by the TOTEM|CMS collabora-
tion for Non-Single Diffractive (NSD) events 2 at
√
𝑠 = 8 TeV in a pseudorapidity range of
2 Single Diffractive (SD) events are collisions in which one of protons remains intact while the other is
taken to an excited state by the interaction. NSD are INEL events where SD-type events are suppressed
during data collection using specific choices of event triggering.
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Figure 26 – Pseudorapidity density of charged particles 𝑑𝑁𝑐ℎ/𝑑𝜂 along with PYTHIA 8
predictions (upper pad); Ratio of MC predictions over experimental data
(bottom pad). Data points measured by the TOTEM|CMS Collaboration for
Non- Diffractive (NSD) pp collisions at
√
𝑠 =8 TeV [80]
|𝜂| < 2.2 and 5.3 < |𝜂| < 6.4 [80]. MC simulations describe the shape of the pseudorapid-
ity distribution well, but their values differ from data up to 20% for events with MPI and
up to 60% to the events without MPI. This difference is due the low particle production
rates in the events without MPI. We can observe from the pseudorapidity distributions
that models such as CR and color ropes modifies slightly the particle production with a
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dependence in the longitudinal direction. CR and color ropes decrease the particle pro-
duction by ∼ 25 % in central pseudorapidity, but don’t affect considerably the particle
production in frontal pseudorapidity with respect to events where only MPI took place.
Most of the string reconnections will happen at mid-rapidity due to combinatorics, which
is why the effect is more pronounced in this region.
 (GeV/c)
T
p
2 4 6 8 10 12 14 16 18 20
ηd T
dp
ch
N2 d
 
e
v
N1
5−10
4−10
3−10
2−10
1−10
1
10 ALICE pp 13 TeV (INEL>0)
PYTHIA 8 pp 13.0 TeV (INEL>0)
MPI-off, CR-off
MPI-on, CR-off
MPI-on, CR-on (MPI-Based)
MPI-on, CR-on (More QCD-Based)
MPI-on, ROPES-on
 (GeV/c)
T
p
2 4 6 8 10 12 14 16 18 20
M
C 
/ D
AT
A
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
2.2
 (GeV/c)
T
p
2 4 6 8 10 12 14 16 18 20
M
C 
/ M
PI
-o
ff
1
1.5
2
2.5
3
3.5
Figure 27 – Transverse momentum spectra of charged particles for PYTHIA 8 MC sim-
ulations along with experimental data (upper pad); Ratio of MC predictions
over experimental data (bottom pad). Data measured by the ALICE Collab-
oration for INEL>0 pp collision at
√
𝑠 = 13 TeV [81].
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The energy in relativistic collisions is distributed between rest mass and kinetic
energy. For this reason the study of kinematic variables also provide an understanding of
the mechanisms behind the collisions. The transverse momentum distributions of charged
particles in INEL>03 pp collisions at
√
𝑠 = 7 TeV measured by the ALICE collaboration
[81] is shown together with PYTHIA predictions in Figure 27. While events in which
only a single partonic interaction took place would have predicted spectra that are up
to 60 % lower than the one measured by ALICE, this discrepancy is reduced to 20-30%
with the inclusion of MPI and the MPI-based CR scheme. The soft parton interactions
introduced with MPI populates the low-𝑝𝑇 region of the distribution. It is interesting to
note that events with CR and color ropes exhibit a hardening in the distribution. Part
of these low-𝑝𝑇 particles that would be created by fragmentation in the MPI scenario are
transformed into kinect energy by CR and color ropes. Nevertheless, the 𝑝𝑇 spectrum is
not described by any of the simulated events, and all MC predictions overestimate the
particle production at a 𝑝𝑇 higher than 8 GeV/c.
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Figure 28 – Average transverse momentum ⟨𝑝𝑇 ⟩ dependence with number of partonic in-
teractions 𝑁𝑃𝐼 for in the various MC configurations studied in this work.
In the context of MPI is important to understand how the kinetic energy is
distributed along the produced particles with the event activity. The mean transverse
momentum dependence with N𝑃𝐼 and N𝑐ℎ can be seen in figures 28 and 29. Plotting the
observable dependence with N𝑃𝐼 shows the pure effect of the mechanisms in the events,
while the N𝑐ℎ dependence is the experimental observable which may result in a different
outcome since CR will directly impact 𝑁𝑐ℎ and therefore the abscissa is no longer an
independent variable. It can be seen in Figure 28 that CR and color ropes cause an
3 Events in which at least one charged particle was produced within |𝜂| < 1.0.
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increase in the ⟨𝑝𝑇 ⟩ for a given number of partonic interactions. The rise, as already
mentioned, is due the minimization of the 𝜆 of the strings. The ⟨𝑝𝑇 ⟩ dependence with
𝑁𝑐ℎ in INEL>0 pp collisions at
√
𝑠 = 7 TeV measured by the ALICE collaboration [82]
is shown together with PYTHIA predictions in Figure 29. Data cannot be reproduced
with a system composed of independently hadronizing multiple interactions, case when
we have MPI-on but CR-off. In this scenario we expect the ⟨𝑝𝑇 ⟩ (N𝑐ℎ) to be approximately
independent of the event activity, since if each MPI hadronizes independently per-particle
observables such as 𝑝𝑇 should be independent of N𝑃𝐼 . At low multiplicities we don’t expect
a different behavior in the different curves, since CR and ropes are expected to have a
stronger impact at large 𝑁𝑃𝐼 . The features observed in the ⟨𝑝𝑇 ⟩ dependence with 𝑁𝑃𝐼 are
also observed with dependence in 𝑁𝑐ℎ, as expected.
We can see in Figure 29 that the PYTHIA simulation without MPI predicts the
⟨𝑝𝑇 ⟩ much higher than data for multiplicities greater than about 𝑁𝑐ℎ ∼ 5. This clear
difference is because if we consider only a single 2 → 2 parton-parton scattering, then
requesting large multiplicities would select hard processes, which leads to a high ⟨𝑝𝑇 ⟩. We
can observe this clearly comparing the mean transferred momentum ⟨𝑄2⟩ of the hardest
interaction with the event multiplicity, presented in Figure 30. For events without MPI,
as we select more activity in the event we also select a higher ⟨𝑄2⟩ of the interaction,
which is correlated to the 𝑝𝑇 scale of the interaction [83].
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Figure 29 – Average transverse momentum ⟨𝑝𝑇 ⟩ dependence with central multiplicity of
charged particles. Data points from the ALICE Collaboration for INEL>0
events in a pseudorapidity and transverse momentum range of |𝜂| < 0.3 and
0.15 < 𝑝𝑇 < 10.0 GeV/c [82].
Figure 27 shows that mechanisms such as CR are important in describing the ⟨𝑝𝑇 ⟩
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Figure 30 – Mean transferred momentum ⟨𝑄2⟩ as a function of charged multiplicity for
different MC event simulations.
observed in pp collisions. In order to isolate the range of 𝑝𝑇 which is affected by CR and
the color rope mechanisms in the 𝑝𝑇 spectrum as we increase the event activity, we can
compare how the 𝑝𝑇 distribution of charged particles changes as we increase the number
of partonic interactions in each case under study here. All curves are normalized by the
mean 𝑁𝑃𝐼 of each class. To compare directly the modification the mechanisms apply in
the events, compared with events without such mechanisms, the curves are further nor-
malized with the integrated curve along all N𝑃𝐼 for events with MPI-on and CR-off. The
comparisons to different N𝑃𝐼 classes is presented in Figure 31. We have a spectra modifi-
cation in the events with increased activity, CR and color ropes effectively remove low-𝑝𝑇
(<1.0 GeV/c) particles and replace them with fewer, larger-𝑝𝑇 (>1.0 GeV/c) particles.
Because this effect is reminiscent of what is expected in a collectively expanding scenario,
it is often called a “flow-like” phenomenon. Events with CR and with rope hadronization
predict data better because of this spectrum shape modification. This effect is more pro-
nounced in events in which color ropes are allowed to be formed, since in that case the
resulting short, high-tension strings will break very little into more energetic hadrons.
In conclusion, it has been made clear that MPI and CR are fundamental in
describing observables associated to bulk particle production, with MPI helping with the
reproduction of ⟨𝑁𝑐ℎ⟩ and CR further aiding in correctly predicting ⟨𝑝𝑇 ⟩.
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Figure 31 – 𝑝𝑇 distribution of charged particles for several 𝑁𝑃𝐼 classes normalized by the
integrated 𝑝𝑇 distribution of events with MPI. In (a) we have events with
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(d) events with MPI and with the rope hadronization model. PYTHIA 8 pp
simulations at
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4.2 Two Particle Cumulants
Considering that CR models and the rope hadronization changes the spectra
of charged particles in this section we will study how these mechanisms affect the event
topology, i.e. how the particles produced in each event are laid out in phase space. In order
to do that we will use the second order cumulant 𝑐2{2} to quantify the event anisotropy.
Generally the coefficient of the Fourier expansion of the transverse momentum distribution
𝑣𝑛, in equation 2.1, is given by:
𝑣𝑛 = ⟨cos[𝑛(𝜑−Ψ𝑅)]⟩ (4.1)
Experimentally we can’t measure the collision reaction plane angle Ψ𝑅 and while
in pp collisions the reaction plane cannot be as easily defined, it is still possible to measure
the azimuthal anisotropy of particle production. More specifically, we can measure the 𝑣𝑛
coefficient using two-particle azimuthal correlations:
⟨cos (𝑛(𝜑1 − 𝜑2))⟩ = ⟨𝑒𝑖𝑛(𝜑1−𝜑2)⟩ = ⟨𝑣2𝑛⟩+ 𝛿𝑛 (4.2)
where the ⟨𝑣2𝑛⟩ is the anisotropic flow coefficient and the 𝛿𝑛 represents the particles non-
flow correlation contribution, correlations that are not related to the initial conditions of
the collision, such as particles decays and jets.
To calculate this correlation we will first define the flow vector, 𝑄𝑛. The Q-vector
is given by:
𝑄𝑛 ≡
𝑀∑︁
𝑖=1
𝑒𝑖𝑛𝜑𝑖 (4.3)
where 𝑀 is the event multiplicity, and 𝜑𝑖 is the azimuthal angle of the 𝑖-th particle. The
single-event two-particle azimuthal correlation is given by:
⟨2⟩ ≡ ⟨𝑒𝑖𝑛(𝜑1−𝜑2)⟩ (4.4)
where the ⟨2⟩ average is given running over all particles in the event. The all-event two-
particle correlation is an average of ⟨2⟩ over all the events.
⟨⟨2⟩⟩ ≡ ⟨⟨𝑒𝑖𝑛(𝜑1−𝜑2)⟩⟩ (4.5)
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we can see that ⟨⟨2⟩⟩ is connected with the 𝑣𝑛 coefficients by:
⟨⟨2⟩⟩ ≡ ⟨⟨𝑒𝑖𝑛(𝜑1−𝜑2)⟩⟩ = ⟨⟨𝑒𝑖𝑛(𝜑1−Ψ𝑛)⟩⟨𝑒−𝑖𝑛(𝜑2−Ψ𝑛)⟩⟩ = ⟨𝑣2𝑛⟩ (4.6)
The cumulants formalism were developed et al [84, 85, 86]. The notations they
used is that the second order cumulant is basically an average of the 2-particle correlation,
given by:
𝑐𝑛{2} = ⟨⟨2⟩⟩ (4.7)
and from equation 4.6 we have that,
𝑣𝑛{2} =
√︁
𝑐𝑛{2} (4.8)
by the definition of the Q-vector (Eq. 4.3) we have that:
|𝑄𝑛|2 =
𝑀∑︁
𝑖,𝑗=1
𝑒𝑖𝑛(𝜑1−𝜑2) =𝑀 +
∑︁
𝑖,𝑗
𝑒𝑖𝑛(𝜑1−𝜑2) (4.9)
so to calculate the 2-particle correlation we have:
⟨2⟩ = |𝑄𝑛|
2 −𝑀
𝑀(𝑀 − 1) (4.10)
The advantage of using the cumulants approach as in equation 4.10 is that we
only perform a single loop over all particles in a given event to obtain the 2-particle
correlation ⟨2⟩.
In order to calculate the 𝑝𝑇 -differential flow the analysis is done in two steps.
We need first to calculate the reference flow, which is an average flow of the reference
particles (RP) with a given momentum window. Thereafter we estimate the differential
flow of the Particles Of Interest (POIs) with respect to the reference flow. In order to
do that we define the 𝑝-vector and the 𝑞-vector for the differential cumulants. The first
one is calculated with the particles labeled as POIs (with 𝑚𝑝 particles) and the other is
calculated with the POI also labeled as RP (with 𝑚𝑞 particles).
𝑝𝑛 ≡
𝑚𝑝∑︁
𝑖=1
𝑒𝑖𝑛𝜑𝑖 (4.11)
𝑞𝑛 ≡
𝑚𝑞∑︁
𝑖=1
𝑒𝑖𝑛𝜑𝑖 (4.12)
The 𝑞-vector is introduced in order to subtract particle autocorrelations. So we
have now the 2-particle correlations for the differential flow:
⟨2′⟩ = 𝑝𝑛𝑄
*
𝑛 −𝑚𝑞
𝑚𝑝𝑀 −𝑚𝑞 (4.13)
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and we have the 2𝑛𝑑 order cumulant:
𝑐𝑛{2} = ⟨⟨2′⟩⟩ (4.14)
and the estimation of the differential flow 𝑣′𝑛{2} becomes:
𝑣′𝑛{2} =
𝑐𝑛{2}√︁
𝑐𝑛{2}
(4.15)
In certain cases the second order cumulant 𝑐2{2} can be negative, mostly because
of the low mean multiplicity in pp collisions. In this case 𝑣𝑛 is not defined. For this reason
usually the second order cumulant 𝑐2{2} is used. In order to compare the results from
PYTHIA with data we will use the same notation as literature.
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Figure 32 – Second order cumulant 𝑐2{2} as a function of number of partonic interactions
𝑁𝑃𝐼 for pp collisions simulated by PYTHIA under the various MPI and CR
scenarios considered in this work.
First looking at the 𝑐2{2} dependence with N𝑃𝐼 , presented in Figure 32, we ob-
serve an enhancement in the 𝑐2{2} due to CR and color ropes with respect to events
without CR. For N𝑃𝐼 = 17 the enhancement is of ∼ 70% for CR and ∼ 23% for color
ropes. Events without MPI have a high value of 𝑐2{2} due to momentum conservation.
Since these type of events have only a 2→ 2 parton scattering, the event is a jet-like event
(two jets back-to-back), and the high 𝑐2{2} value is a consequence of a large (non-flow)
contribution from the two jet structures. As can be seen in FIgure 32, the addition of MPI
produces more isotropic events because the extra partonic interactions populate a given
event with lower-𝑝𝑇 particles that are uncorrelated to the original 2 → 2 scattering. To
better observe this effect in Figure 33 we have the 𝑐2{2} dependence with 𝑁𝑐ℎ for events
without CR and several 𝑁𝑃𝐼 . As we introduce more PI (red to dark blue curve) particles
become less and less correlated.
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Figure 34 – Second order cumulant 𝑐2{2} as a function of charged multiplicity for several
PYTHIA 8 MC simulations along with experimental data for pp collisions at√
𝑠 = 13 TeV. Data points from the ATLAS Collaboration [87].
In Figure 34 we have the 𝑐2{2} vs. N𝑐ℎ for MC predictions along with data
from the ATLAS collaboration [87]. ATLAS measured the 𝑐2{2} in a phase space of
|𝜂| < 2.5 and a range of 0.3 < 𝑝𝑇 < 3.0 GeV/c for INEL pp collisions at √𝑠 = 13 TeV.
The anisotropy created in the events by CR in any of the different schemes tests brings
predictions closer to data.
In order to understand if the increase in 𝑐2{2} is due to the rise in the mean
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Figure 35 – 𝑝𝑇 -differential second order cumulant 𝑐2{2} for several PYTHIA 8 MC sim-
ulations. Vertical lines represent the mean transverse momentum ⟨𝑝𝑇 ⟩ of the
events.
transverse momentum with the event activity, we show the 𝑝𝑇 -differential 𝑐2{2} in Figure
35. As we increase the 𝑝𝑇 of the particles we also have an increase of ∼ 20% in the 𝑐2{2}
in events with CR and color ropes. Comparing the 𝑐2{2} for each bin in 𝑝𝑇 related to the
events with only MPI on, it is clear that mechanisms such CR and color ropes rearrange
strings such that events become more anisotropic. The string length 𝑙, given by equation
4.16, depends on the azimuthal angle Δ𝜑 between the 2 partons and the minimization of
𝜆 will naturally lead to an increased azimuthal correlation in the outgoing particles.
𝑙 =
√︁
Δ𝜂2 +Δ𝜑2 (4.16)
The increase in 𝑐2{2} generated by CR and color ropes in pp collisions is not
attributed to a hydrodynamical expansion and does not require a medium to be formed
like in Pb-Pb collisions. Therefore, most if not all of the 𝑐2{2} measured in pp collisions
is likely to be due to particle decays or jet structures which produce correlations that
have a short range in the longitudinal variable 𝜂. Therefore, these non-flow contributions
can be further studied using the 2-particle cumulant technique with a pseudorapidity gap
(Δ𝜂). The main feature of this method is to divide the event into two subevents with a
gap in pseudorapidity between them. Correlations usually attributed to anisotropic flow
are structures in relative azimuthal angle |Δ𝜑| ≈ 0 that extend over a large range in
pseudorapidity (|Δ𝜂| > 2) and form a structure known as the ‘ridge’ [88]. In order to
suppress short-range correlations the cumulants with gap in 𝜂 force that the cumulants
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calculation were performed only using particles separated by a large Δ𝜂 gap. For the
reference flow, we calculate the Q-vector from equation 4.3 in relation to the subevent A
and other Q-vector with the particles from subevent B. This method modifies equation
4.10:
⟨2⟩ = 𝑄
𝐴
𝑛 .𝑄
*
𝑛
𝑀𝐴𝑀𝐵
(4.17)
To better understand the cumulants with a Δ𝜂 we will use a baseline event with
controlled conditions. These events have a constant correlation (flow) in the particles of
𝑐2 = 0,01 and a non-flow correlation made by adding correlated particles around the
original particles in 𝜑 and 𝜂. The non-flow correlation introduced in the events is strong
in 𝜑 (short-range) and in 𝜂, simulating jets and decays. The main feature in the cumulants
with 𝜂 gap is to reduce non-flow not allowing particles close in pseudorapidity to contribute
to the 𝑐2{2} calculation. We can see in Figure 36 that without the eta gap (dark red points)
the 𝑐2{2} is bigger than the real, shown as a dashed black line. As we introduce a bigger
Δ𝜂 the 𝑐2{2} decrease and converge to the real 𝑐2 of the events.
parN
0 5 10 15 20
{2P
}
2c
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
Baseline
 GapηNo 
| > 0.0 η ∆|
| > 0.2 η ∆|
| > 0.4η ∆|
| > 0.6η ∆|
| > 0.8η ∆|
| > 1.0η ∆|
Figure 36 – Multiplicity dependence of the second order cumulant 𝑐2{2} for cumulant
calculations with several gaps in pseudorapidity Δ𝜂 for a baseline event with
controlled conditions.
In Figure 37 we can see 𝑐2{2} predictions with the different mechanisms studied
here and with different Δ𝜂 in the 𝑐2 calculation. We can see that the introduction of
a progressively larger Δ𝜂 reduces the 𝑐2{2} of all cases. Events without MPI exhibit a
significantly larger 𝑐2{2} value with respect to all other cases, even with a large Δ𝜂 value.
This is because the 𝜂 gap technique only removes same-jet correlations and is unable to
remove the large away-side-jet correlation contribution. On the other hand, in all other
cases PYTHIA predicts a nearly vanishing 𝑐2 for larger values of Δ𝜂, indicating that the
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anisotropy in phase space caused by CR and ropes is just due to non-flow contributions
and indeed can’t be seen as a long range correlation in 𝜂.
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Figure 37 – Second order cumulant 𝑐2{2} dependence with charged multiplicity with sev-
eral pseudorapidity gap Δ𝜂 values.b (a) with MPI and without CR, (b) with
MPI and with the MPI-based CR scheme, (c) with MPI and with the More
QCD-based CR scheme and (d) with MPI and with the rope hadronization
model.
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Figure 38 shows the second order cumulant 𝑐2{2} with Δ𝜂 dependence with the
event multiplicity for PYTHIA 8 simulated data and experimental data measured by the
ATLAS experiment. The data points from ATLAS collaboration were measured in INEL
events in central pseudorapidity (|𝜂| < 2.5) in a 𝑝𝑇 range of 0.3 < 𝑝𝑇 < 3.0 GeV/c and
with Δ𝜂 > 2.0 [87]. A rough agreement with data is observed in Figure 38 for all events
above 𝑁𝑐ℎ = 20. In comparison, for the simulated events we still have a high value of 𝑐2
at low multiplicities, where short-range correlations are still dominant, though it has to
be noted that experimental data is unavailable for very low multiplicities
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Figure 38 – Charged multiplicity dependence of the second order cumulant 𝑐2{2} for cu-
mulant calculations with Δ𝜂 > 2.0. ATLAS data from [87].
4.3 Identified Particle Ratios
Recent measurements in pp and p-Pb collisions have shown features that are
reminiscent of those observed in Pb-Pb collisions. For this reason the study of identified
particle yields is a key observable to understand the mechanisms behind the observed
difference between events with low and high multiplicities not only in pp collisions but
also in more complex collisions such as p-Pb and Pb-Pb. In order to understand how the
studied mechanisms change the production of different particle species we study ratios of
identified particle yields as a function of the number of partonic interactions N𝑃𝐼 , which
can also be related to the charged multiplicity as seen in section 4.1. It is important to
remember that the effect of CR and ropes always has to be studied in isolation as a
function of 𝑁𝑃𝐼 before looking at the experimentally accessible 𝑁𝑐ℎ-dependence, as these
mechanisms will also impact the abcissa in 𝑁𝑐ℎ-dependence plots. Pions (𝜋) are the parti-
cles most abundant and therefore the production rates of all other particle species can be
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studied with respect to the pion yield. We will focus on particles for which measurements
exist, which are:
∙ Mesons: 𝜋−, 𝜋+, 𝐾+, 𝐾−, 𝐾*, ?¯?* and 𝜑;
∙ Baryons: 𝑝, 𝑝, Λ, Λ¯, Ξ−, Ξ¯+, Ω− and Ω¯+;
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Figure 39 – Relative production of 𝐾, 𝐾* and 𝜑 over 𝜋 as a function of 𝑁𝑃𝐼 for pp
collisions at
√
𝑠 = 7 TeV in the various MC configurations studied in this
work. In (a), (b) and (c) we have 𝐾, 𝐾* and 𝜑 ratio over 𝜋 respectively.
The relative production of 𝐾, 𝐾* and 𝜑 mesons to pions as a function of N𝑃𝐼
is presented in Figure 39 and the relative production of 𝑝, Λ, Ξ and Ω baryons to pions
in Figure 40. MPI and the MPI-based CR scheme don’t affect significantly the relative
particle production, since they do not change the hadronization process. However, because
of the very large abundance of junction structures in the More QCD-based scheme and
when using color ropes, results in these cases have significantly altered identified particle
production rates. It is clear by looking the 𝑝/𝜋 ratio that both schemes lead to a baryon
enhancement, since in both cases the large amount of extra junctions naturally leads
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to extra baryon number. The Ω baryon exhibits further enhancement in the More-QCD
scheme. This is because, in order to create an Ω via ordinary string fragmentation, the
creation of an 𝑠𝑠 diquark is needed, which is a highly mass-suppressed process. With
the junction topologies another possibility that arises is the creation of an 𝑠𝑠 quark pair
through the break up of a string between two junctions 𝐽𝐽 that connect 𝑠 quarks. Because
the probability to create an 𝑠𝑠 quark pair is much larger than the probability of creating
a 𝑠𝑠𝑠𝑠 diquark pair, the More QCD-based CR scheme increases the overall Ω production
quite significantly.
PIN
0 5 10 15 20 25
pip
0.06
0.08
0.1
0.12
0.14
0.16
|y| < 0.5PYTHIA 8 pp 7.0 TeV
MPI-off, CR-off
MPI-on, CR-off
MPI-on, CR-on (MPI-based)
MPI-on, CR-on (More QCD-Based)
MPI-on, ROPES-on
(a)
PIN
0 5 10 15 20 25
piΛ
0.02
0.04
0.06
0.08
0.1
0.12
|y| < 0.5PYTHIA 8 pp 7.0 TeV
MPI-off, CR-off
MPI-on, CR-off
MPI-on, CR-on (MPI-based)
MPI-on, CR-on (More QCD-Based)
MPI-on, ROPES-on
(b)
PIN
0 5 10 15 20 25
piΞ
2−10
|y| < 0.5
PYTHIA 8 pp 7.0 TeV
MPI-off, CR-off
MPI-on, CR-off
MPI-on, CR-on (MPI-based)
MPI-on, CR-on (More QCD-Based)
MPI-on, ROPES-on
(c)
PIN
0 5 10 15 20 25
piΩ
4−10
3−10
|y| < 0.5
PYTHIA 8 pp 7.0 TeV
MPI-off, CR-off
MPI-on, CR-off
MPI-on, CR-on (MPI-based)
MPI-on, CR-on (More QCD-Based)
MPI-on, ROPES-on
(d)
Figure 40 – Relative production of 𝑝, Λ, Ξ and Ω over 𝜋 as a function of 𝑁𝑃𝐼 for pp
collisions at
√
𝑠 = 7 TeV in the various MC configurations studied in this
work. In (a) we have the 𝑝, (b) Λ, (c) the Ξ and (d) the Ω to pion ratios.
Another important observation when looking at the𝐾,𝐾* and 𝜑 ratios is that the
rope hadronization model predicts an increase in relative strangeness production which
is also present in data, as discussed in section 3.4.3. Furthermore, in the meson ratios
we can see that with the introduction of the junction structures in the More QCD-based
CR scheme resonances like 𝐾* and 𝜑 have a small reduction in the production relative to
events with MPI but without CR.
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Figure 41 – Relative production of 𝐾, 𝐾* and 𝜑 over 𝜋 as a function of mean charged
multiplicity in central pseudorapidity ⟨𝑑𝑁𝑐ℎ/𝑑𝜂⟩|𝜂|<0.5 at
√
𝑠 = 7 TeV the
various MC configurations studied in this work along with data from the
ALICE Collaboration [89, 90, 91]. In (a), (b) and (c) we have 𝐾, 𝐾* and 𝜑
ratio over 𝜋, respectively.
So far, we have been studying the effect of MPI, CR and ropes on identified
particle ratios only as a function of 𝑁𝑃𝐼 so that the abscissa is a truly independent
variable. However, 𝑁𝑃𝐼 is not experimentally accessible and therefore it is of interest to
select event classes based on 𝑁𝑐ℎ in the same rapidity range as used by the experiment and
compare the results to measurements. Because the ALICE collaboration has the largest
set of identified particle measurements, in this work we will focus on selecting events
based on the charged particle multiplicities in the rapidity range of -3.7< 𝜂 < -1.7 and
2.8 < 𝜂 < 5.1, corresponding to the acceptance of the V0A and V0C detectors with which
the ALICE collaboration selects events in pp, p-Pb and Pb-Pb. The identified particles
are then measured at mid-rapidity and plotted as a function of mean charged particle
pseudorapidity in |𝜂| <0.5 ⟨𝑑𝑁𝑐ℎ/𝑑𝜂⟩|𝜂|<0.5. Ratios between different identified hadrons
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yields as a function of charged particle multiplicity are presented in figures 41 and 42.
Experimental data were measured by the ALICE Collaboration for INEL>0 events at
an energy of
√
𝑠 = 7 TeV. The 𝐾 and 𝜑 mesons shows an enhancement in data that is
observed also in the predictions of events with the rope hadronization model, however
in absolute values the model over predicts data by a factor of 30% for the 𝐾. On the
other hand the trend of the 𝐾*/ ratio is only correctly described by the More QCD-based
scheme, as this is the only CR scheme that predicts a significant relative 𝐾* suppression.
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Figure 42 – Relative production of 𝑝, Λ, Ξ and Ω as a function of mean charged multiplic-
ity in central pseudorapidity ⟨𝑑𝑁𝑐ℎ/𝑑𝜂⟩|𝜂|<0.5 at
√
𝑠 = 7 TeV for the various
MC configurations studied in this work along with data from the ALICE Col-
laboration [48, 89, 91]. In (a) we have the 𝑝 ratio, (b) Λ, (c) the Ξ and (d)
the Ω.
In all the baryon-to-pion ratios we observe clearly an increase with multiplicity
for events with the rope hadronization and More QCD-based CR model. Although this
enhancement is supported by data for multi-strange baryons, it is not for the proton.
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Resonance Suppression
An important finding in the previous section was that resonances may be sup-
pressed depending on the CR scheme. This is of particular interest in the context of
heavy-ion phenomenology, where such a suppression is thought to be due to the rescatter-
ing of the resonance daughters during the hadronic phase of system evolution (see section
2.4 for more details). In Figure 43 we can see the ratios 𝜌0/𝜋 and 𝐾*/𝐾 as a function of
𝑁𝑃𝐼 . For the 𝜑/𝜋 ratio, shown in Figure 39, we observe an enhancement with 𝑁𝑃𝐼 in the
More QCD-based CR scheme and the ropes model, while 𝜌0/𝜋 and 𝐾*/𝐾 are suppressed
in both cases.
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Figure 43 – Ratios of 𝜌0/𝜋 (a) and 𝐾*/𝐾 (b) as a function of the number of partonic
interactions 𝑁𝑃𝐼 at
√
𝑠 = 7 TeV for the various MC configurations studied in
this work.
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Figure 44 – Ratios of 𝜌0/𝜋 (a) and 𝐾*/𝐾 (b) as a function of mean charged multiplicity
in central pseudorapidity ⟨𝑑𝑁𝑐ℎ/𝑑𝜂⟩|𝜂|<0.5 at
√
𝑠 = 7 TeV for the various
MC configurations studied in this work along with data from the ALICE
Collaboration [52, 53].
Chapter 4. Results 65
The comparison of the MC predictions with data is shown in Figure 44. Besides
the rough quantitative agreement, MC predictions with the More QCD-based CR scheme
and with the introduction of ropes have the same behavior of data for the 𝜑/𝜋 and the
𝐾*/𝐾. The 𝜌0/𝜋 ratio is also seen to be suppressed in Pb-Pb collisions as a function of
multiplicity, though in that case only limited experimental information is available for pp
and p-Pb. This suppression is observed in Pb-Pb collisions and is also attributed to the
re-scattering of the products decay of the 𝜌0.
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Figure 45 – Ratios of 𝜌0/𝜋 (a) and 𝐾*/𝐾 (b) as a function of the number of partonic
interactions 𝑁𝑃𝐼 at
√
𝑠 = 7 TeV neglecting particles coming from all hadronic
decays.
To perform this study, we will study particle yields directly after the hadroniza-
tion, in other words, we neglect particles coming from any hadronic decays. In Figure 45 we
can see the ratios of 𝜌0/𝜋 and 𝐾*/𝐾 as a function of the number of partonic interactions
𝑁𝑃𝐼 calculated only using 𝐾*, 𝐾, 𝜌0 and 𝜋 coming directly from string fragmentation.
In both ratios we observe that the suppression is still present in the More QCD-based
CR scheme. The overall values of these ratios, however, is significantly lower because of
the fact that a large number of 𝜋 and 𝐾 are due to resonance decays (even including
those of the numerator particle). However, because in the More QCD-based scheme the
suppression is still present even without considering decay products, this effect must be
due to another mechanism that must be related to fragmentation itself.
In order to understand the suppression of the 𝜌0 and the 𝐾* we will study the
properties of the strings that produced these identified particles. PYTHIA has a stochastic
way to decide the spin of a certain particle. What is implemented in the program is
that after the particle is created via string fragmentation, and so its quark content is
known, PYTHIA uses some internal probability parameters to decide if a certain meson
is pseudoscalar or vector4. After the selection of the meson spin the program checks if the
4 A pseudoscalar meson has the total spin S = 0, and a vector meson have the total spin S = 1.
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string mother of the particle has enough energy to create the particle. Particles such as
the 𝐾* and 𝜌0 are vector mesons. In particular the 𝐾* is the excited state of the 𝐾 and
the 𝜌0 is the excited state of the 𝜋 and therefore they have the same quark content but
different spin.
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Figure 46 – Invariant mass distribution of the strings at
√
𝑠 = 7 TeV for the various MC
configurations studied in this work.
As already mentioned in PYTHIA all primary particles come from string fragmen-
tation, so its very interesting to understand how the strings created in PYTHIA produce
particles. It should be clear here that the rope model implemented in PYTHIA is still
under active development, so correlations between length and total energy of the strings
will no longer be direct in this case. For this reason we will not perform the full string
analysis in the case of the color ropes model. We can see in the invariant mass distribution
of the strings, shown in Figure 46, that CR generally leads to strings with lower masses,
which is to be expected considering that string masses and lengths are proportional and
CR minimizes string lengths.
The More QCD-based CR scheme is the mechanism that produces the shortest
string masses and lengths. The mean string invariant mass ⟨𝐿𝑜𝑔10[𝑚(𝐺𝑒𝑉/𝑐2)]⟩ with the
number of partonic interaction of the events 𝑁𝑃𝐼 can be seen in Figure 47. The More
QCD-based CR algorithm can be seen to produce even lighter and shorter strings on the
average than the MPI-based scheme. Such strings have less energy available for particle
production, effectively decreasing the relative abundance of more massive states such as
vector mesons. To isolate the effect, one can calculate the 𝐾*/𝐾 and 𝜌0/𝜋 ratios obtained
with hadrons coming only from strings with specific masses, as shown in Figure 48. Re-
gardless of the CR scheme used, low string masses always lead to resonance suppression.
Therefore, the different dynamics observed in the various CR schemes tested here is mostly
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due to the different string mass distributions: because the More QCD-based scheme favors
shorter and lighter strings, it also is the scheme which most strongly suppresses vector vs
pseudoscalar meson production.
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Figure 47 – Mean string mass ⟨ Log10[𝑚(𝐺𝑒𝑉/𝑐2)]⟩ with the number of partonic inter-
action of the events 𝑁𝑃𝐼 at
√
𝑠 = 7 TeV for the various MC configurations
studied in this work.
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Figure 48 – Ratios of 𝜌0/𝜋 and 𝐾*/𝐾 as a function of the string invariant mass at
√
𝑠 =
7 TeV for the various MC configurations studied in this work.
In order to test if the suppression is related to spin, we also calculated the 𝜂′/𝜋
ratio as a function of both 𝑁𝑃𝐼 and string mass calculated only for particles that do not
come from decays of other hadrons, as can be seen in Figure 49. The 𝜂′ is more massive
than the pion and both have the same spin zero, but the suppression is still observed,
indicating that the suppression is indeed driven by hadron mass rather than spin.
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Figure 49 – Ratios of 𝜂′/𝜋 as a function of the number of partonic interactions 𝑁𝑃𝐼 at√
𝑠 = 7 TeV neglecting particles coming from decays (a) and as a function
of the string invariant mass (b) for the various MC configurations studied in
this work.
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Conclusion
The material presented in this dissertation contains a detailed study of the ef-
fects of the latest QCD-inspired developments introduced in Monte Carlo event generators
that simulate proton-proton (pp) collisions. We performed a study of some global observ-
ables in pp collisions as well as some typical variables associated with heavy-ion collision
phenomenology, motivated by the fact that recent measurements in high-multiplicity pp
collisions have suggested that these interactions have similar characteristics if compared
to heavy-ion collisions [92, 48, 53]
Mechanisms such as Multi-Parton Interactions (MPI), Color Reconnection (CR)
and color ropes proved to be very important to describe some experimental particularities
observed in pp collisions, such as the charged particle multiplicity, mean transverse mo-
mentum of charged particles and relative particle abundances. For a systematic study of
these mechanisms we used the PYTHIA 8 event generator, which is based on scattering
amplitudes calculated using leading-order perturbative QCD (pQCD) and a phenomeno-
logical treatment of higher-order corrections. PYTHIA is able to simulate pp collisions
in their entirety, starting from the first parton interaction and leading to the produced
hadrons and their decays to more stable particles, as described in more detail in chapter
3. With a complete simulated event, it is possible to obtain typical collision observables
using the same techniques used in experimental analysis, allowing for the evaluation of
the impact of new developments in the monte carlo event generators under controlled
conditions. In order to do that, we used 4 different generator configurations to gener-
ate reference datasets. These included events without the MPI model (MPI-off, CR-off),
events with MPI (MPI-on, CR-off), events with the MPI-based and More QCD-Based CR
scheme (MPI-on, CR-on) and events with color ropes. (MPI-on, ROPES-on). In chapter
4, a detailed study of the impact of these mechanisms were presented and interpreted. In
section 4.1 we focused on understanding basic global characteristics of pp collision. We
found that generator configurations in which MPIs were allowed to take place describe
the measured charged particle multiplicities better, while events with only one parton
interaction have a significantly lower average charged particle multiplicity.
The collision energy is essentially distributed in particle production and in kinetic
energy. The comparison of our simulated events with data from [82] shows that CR can
explain the enhancement of the mean transverse momentum of charged particles with
multiplicity, confirming that the mechanism is doing what it was intended to do and
changing the balance of energy such that more of it goes into kinetic energy as opposed
to rest mass.
Conclusion 70
Using the second order cumulant 𝑐2{2} as a measure of the event anisotropy, in
section 4.2 we studied how the produced particles are arranged in azimuthal momentum
space. We observed that 𝑐2{2} rises by about 70% in high-multiplicity events with the
introduction of CR. This enhancement is directly connected with the enhancement in
the transverse momentum of the particles and the minimization of the string length 𝑙.
The string length 𝑙 =
√
Δ𝜂2 +Δ𝜑2 has a dependence with the azimuthal opening angle
(Δ𝜑) of the connected partons, so minimizing 𝑙 leads to an increased correlation in the
azimuthal direction 𝜑. The 𝑐2{2} measurements from [87] show that the increased correla-
tion caused by CR brings predictions closer to measurements. When the measurements of
𝑐2 were performed with a pseudorapidity gap (Δ𝜂 > 2.0) all simulated points decreased,
which suggests that the observed correlation introduced by CR is not due to long range
correlations in 𝜂. At low multiplicities, where no measurements exist, we observed that
a short-range correlation is still dominant, as evidenced by the high value of 𝑐2{2} in
simulations.
In section 4.3 we studied the identified particle ratios, so as to understand flavor
production. Recent measurements in pp and p-Pb collisions at LHC have shown an en-
hanced production of multi-strange hadrons [48] and a suppression in relative resonance
production such as the 𝐾* and the 𝜌0 [53] which is why we focused on these two findings
in particular. We observed that the rope hadronization model can describe qualitatively
the strangeness enhancement observed in data. However, it has to be noted that this
mechanism is still under active development and it is clear that further tuning will be
required to describe data quantitatively. However, it has to be noted that color ropes lead
to a strangeness enhancement without the presence of a Quark-Gluon Plasma, which is
sometimes suggested as an explanation for the increased strangeness production observed
by ALICE.
Another interesting feature observed in this work was a suppression in the produc-
tion of resonances such as the 𝐾* an the 𝜌0 when using the More QCD-Based CR scheme.
We observed that with the introduction of the junctions in the system the mean invariant
mass of the produced strings decrease, which favour the production of lighter mesons such
as the 𝜋 and the 𝐾, which decrease the relative production of 𝐾*/𝐾 and 𝜌0/𝜋. This novel
observation brings to light a mechanism for decreasing this ratio that does not employ the
heavy-ion-phenomenology inspired re-scattering (as described in section 2.4), which was
so far the only explanation found in literature for 𝐾* and 𝜌0 suppression. These results
have been summarized and submitted for publication in [55].
In conclusion, it is clear that further tuning and study is still required for a com-
plete description of all particle production measurements currently available. Furthermore,
it has been suggested in the literature that a QGP might be formed in pp collisions at
very high energies, considering that signatures such as strangeness enhancement appear
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in those systems [48]. However, we have observed that strangeness enhancement and res-
onance suppression do not strictly require the formation of an equilibrated system. It is
not clear if out-of-equilibrium QCD-inspired event generators that include effects such as
MPI and CR are sufficient to explain the entirety of experimental data once tuned or
if the QGP hypothesis is still required for describing measurements. Further studies on
both phenomenology and experiment that discriminate these two scenarios are necessary
to settle this issue.
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APPENDIX A – Kinematic Variables
In this appendix we will briefly introduce some of the fundamental variables used
generally in heavy ion collisions experiments. To do this we will use a global coordinate
system similar of the one used in high energy experiments like the ALICE experiment,
shown in Figure 50. In this coordinate system we have the ̂︀𝑧 line aligned with the accel-
erator beam, ̂︀𝑥 aligned horizontally, and ̂︀𝑦 aligned perpendicularly.
Figure 50 – Global coordinate system.
The four-momentum of a particle with momentum p, rest mass 𝑚𝑜 and total
energy 𝐸 is:
𝑃 = (𝐸,p) = (𝐸, 𝑝𝑥, 𝑝𝑦, 𝑝𝑧) (A.1)
When we consider any scattering reaction, the 4 moments (𝑝1, 𝑝2, 𝑝′1, 𝑝′2) satisfy
linear momentum conservation, where 𝑝1 and 𝑝2 are the incoming particle momenta, and
𝑝′1 and 𝑝′2 are the momenta of the outgoing particles:
𝑝1 + 𝑝2 = 𝑝′1 + 𝑝′2 (A.2)
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All Lorentz invariant combinations of the particle momenta can be expressed in
three Mandelstam variables.
𝑠 = (𝑝1 + 𝑝2)2 = (𝑝′1 + 𝑝′2)2 (A.3)
𝑡 = (𝑝1 − 𝑝′1)2 = (𝑝′2 − 𝑝2)2 (A.4)
𝑢 = (𝑝1 − 𝑝′2)2 = (𝑝′1 − 𝑝2)2 (A.5)
and therefore,
𝑠+ 𝑡+ 𝑢 = 𝑝21 + 𝑝22 + 𝑝′
2
1 + 𝑝′
2
2 = 𝑚21 +𝑚22 +𝑚′
2
1 +𝑚′
2
2 (A.6)
The relevant variable to describe the 2-particle centre of mass collision is 𝑠 =
(𝑝𝑝 + 𝑝𝑝)2 , where 𝑝𝑝 is the proton beam momentum.
⇒ √𝑠 = 𝑝𝑝 + 𝑝𝑝 (A.7)
The other variables relevant in this work are the transverse variables and longi-
tudinal variables.
The transverse variables are extremely important because they are associated
with the particles created in the collision. The most important transverse variable is the
transverse momentum, 𝑝𝑇 , which is very useful to characterize the products of a collision,
since the particles that collided had negligible transverse momentum.
𝑝2𝑇 = 𝑝2𝑥 + 𝑝2𝑦 (A.8)
We also have an additional variable, the transverse mass𝑚𝑇 , which is quite useful
when measuring the total amount of energy carried by a particle of a species whose rest
mass is 𝑚0:
𝑚2𝑇 = 𝑝2𝑇 +𝑚2𝑜 (A.9)
To characterize the movement in the longitudinal direction, we use the variable
rapidity, 𝑦, defined as:
𝑦 = 12 ln
(︃
𝐸 + 𝑝𝑧
𝐸 − 𝑝𝑧
)︃
(A.10)
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where 𝐸 is the total energy of the particle. Since the rapidity can only be calculated for
identified particles it is of interest to define another longitudinal variable called pseudo-
rapidity, 𝜂, defined as:
𝜂 = − ln [𝑡𝑎𝑛(𝜃/2)] = 12 ln
(︃ |p|+ 𝑝𝑧
|p| − 𝑝𝑧
)︃
(A.11)
where 𝜃 denotes the polar angle between the momentum vector p and the beam. Since
pseudorapidity does not require a mass hypothesis, it is possible to calculate 𝜂 for every
detected charged particle, i.e. 𝜂 is a purely geometric variable. When we compare the
equations A.10 and A.11, we see that rapidity reduces to the pseudorapidity in the limit
where |p| ≈ 𝐸 [93], case when p >> 𝑚𝑐.
